Abstract.-The estimation of phylogenetic relationships is an essential component of understanding evolution. Accurate phylogenetic estimation is difficult, however, when internodes are short and old, when genealogical discordance is common due to large ancestral effective population sizes or ancestral population structure, and when homoplasy is prevalent. Inference of divergence times is also hampered by unknown and uneven rates of evolution, the incomplete fossil record, uncertainty in relationships between fossil and extant lineages, and uncertainty in the age of fossils. Ideally, these challenges can be overcome by developing large "phylogenomic" data sets and by analyzing them with methods that accommodate features of the evolutionary process, such as genealogical discordance, recurrent substitution, recombination, ancestral population structure, gene flow after speciation among sampled and unsampled taxa, and variation in evolutionary rates. In some phylogenetic problems, it is possible to use information that is independent of fossils, such as the geological record, to identify putative triggers for diversification whose associated estimated divergence times can then be compared a posteriori with estimated relationships and ages of fossils. The history of diversification of pipid frog genera Pipa, Hymenochirus, Silurana, and Xenopus, for instance, is characterized by many of these evolutionary and analytical challenges. These frogs diversified dozens of millions of years ago, they have a relatively rich fossil record, their distributions span continental plates with a well characterized geological record of ancient connectivity, and there is considerable disagreement across studies in estimated evolutionary relationships. We used high throughput sequencing and public databases to generate a large phylogenomic data set with which we estimated evolutionary relationships using multilocus coalescence methods. We collected sequence data from Pipa, Hymenochirus, Silurana, and Xenopus and the outgroup taxon Rhinophrynus dorsalis from coding sequence of 113 autosomal regions, averaging ∼300 bp in length (range: 102-1695 bp) and also a portion of the mitochondrial genome. Analysis of these data using multiple approaches recovers strong support for the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology, and geologically calibrated divergence time estimates that are consistent with estimated ages and phylogenetic affinities of many fossils. These results provide new insights into the biogeography and chronology of pipid diversification during the breakup of Gondwanaland and illustrate how phylogenomic data may be necessary to tackle tough problems in molecular systematics.
Estimation of phylogenetic relationships among species using molecular data must overcome challenges associated with estimating individual genealogies (e.g., phylogenetic error stemming from short branch lengths or homoplasy) and challenges associated with discordance between gene trees and species trees. Differences between gene trees and species trees can have a biological basis, including ancestral polymorphism, simultaneous divergence of multiple species (hard polytomies), and other phenomena such as balancing selection, gene conversion, horizontal gene transfer, interspecies hybridization, and allopolyploidization (Ioerger et al. 1990; Maddison 1997; Brooks and McLennan 2002; Evans 2008; Degnan and Rosenberg 2009) . When ancestral population size is large, structured, or when the time between internodes is brief, genealogical discordance with a species tree can be common. Gene trees and species trees are similar when internal branch lengths are on the order of ∼5 × 2N e generations (Degnan and Salter 2005) but tend to differ when internal branch lengths are brief and when population size is large. Strikingly, for some asymmetrical species trees with short internodes, the most likely gene tree may not be the same as the species tree (Degnan and Rosenberg 2006) because the probability of a symmetrical (balanced) tree is greater than an asymmetrical (unbalanced) one (Rosenberg 2002) . When the most likely gene tree is different from the species tree, the gene tree is said to be "anomalous" (Degnan and Rosenberg 2006) . Mutational variance increases the parameter space that anomalous gene trees are observed, although this effect is offset by many anomalous trees being unresolved because of short internal branch lengths (Huang and Knowles 2009) . Disparities between gene trees and species trees can also have an analytical basis, including phylogenetic error (Hillis et al. 1994 ) and inappropriate homology statements due to gene duplication or incorrect sequence alignment (Wong et al. 2008) . Together, these factors can lead to incorrect inferences of topology, branch lengths, credible intervals, and parameter values of species trees.
Another challenge to understanding evolutionary history is the estimation of divergence times. Molecular clocks that use fossils for calibration generally rely on (i) an inference of phylogenetic affinities between a fossil and the group of extant species and (ii) an inference of the age of the fossil. Even if phylogenetic affinities and ages of fossils are well characterized, in most situations a fossil provides only a minimum (most recent) divergence time for a particular node. Geological calibrations VOL. 61 suffer from similar challenges and often provide minimum divergence times based on an assumption that diversification was either triggered by or preceded some event, such as the drifting apart of continental plates. Geological calibrations can potentially provide a maximum (most ancient) limit to the timing of divergence. For example, ignoring ancestral polymorphism, divergence of a terrestrial island endemic from a sister lineage on a continent could be assumed to have occurred more recently than the age of the island. Ancient DNA provides a third tool for calibration of molecular clocks. This information is perhaps optimal if its source is a direct ancestor of an extant species-a condition rarely met by most studies. In general, resources available for calibration of many groups are sparse, and the resulting calibrations can be vague or misleading.
An interesting example of these challenges is presented by the diversification of genera of the frog family Pipidae. Phylogenetic relationships among these taxa are unresolved and their resolution faces many of these topological and temporal challenges despite a relatively rich fossil record and a putative role for well-timed geological events in their diversification. There are 5 pipid genera: Xenopus, Silurana, Hymenochirus, Pseudhymenochirus, and Pipa, which include 19, 2, 4, 1, and 7 described species, respectively (Frost 2011) . Pipa occurs in South America and the others are found in sub-Saharan Africa. Pipids are suspected to have drifted apart ∼100 Ma (Fig. 2; Cannatella and de Sá 1993; Roelants et al. 2007) . Various studies have supported the (Pipa (Hymenochirus (Xenopus, Silurana))) topology (Roelants and Bossuyt 2005; Roelants et al. 2007; Irisarri et al. 2011; Pyron and Wiens 2011; Wiens 2011) , the (Hymenochirus (Pipa (Xenopus, Silurana))) topology (Frost et al. 2006) , and the ((Hymenochirus, Pipa)(Xenopus, Silurana)) topology (Báez and Pugener 2003; Evans et al. 2004 Evans et al. , 2005 Trueb et al. 2005; Trueb and Báez 2006) . These studies are not independent because many use data from the same genes, notably mitochondrial DNA and the autosomal locus RAG1. Nonetheless, these contradictions raise the possibility that internodes at the base of the pipid phylogeny are short, that the ancestral population sizes of pipid lineages were large or some combination.
Although some nodes are unresolved, a consensus has been reached about other aspects of pipid phylogeny (reviewed in Evans 2008) . It is widely accepted that each genus is monophyletic, that (Xenopus + Silurana) is a clade, that (Hymenochirus + Pseudhymenochirus) is a clade, and most studies agree that Pipidae is the sister clade to the New World frog family Rhinophrynidae (Kluge and Farris 1969; Lynch 1973; Trueb and Cannatella 1986; Trueb 1988a, 1988b; Cannatella and de Sá 1993; Ford and Cannatella 1993; Graf 1996; Kobel et al. 1998; Evans et al. 2004; Roelants and Bossuyt 2005; Frost et al. 2006; Roelants et al. 2007; Irisarri et al. 2011; Pyron and Wiens 2011; Wiens 2011 ). An analysis of morphological characters by Trueb (1988a, 1988b) suggested that Xenopus is sister to a clade containing (Silurana + Hymenochirus + Pipa) but a reevaluation of these characters and molecular data by Cannatella and de Sá (1993) found (Xenopus + Silurana) to be monophyletic with respect to Hymenochirus. A phylogeny illustrating resolved and unresolved relationships among pipid frogs is presented in Figure 1 , along with names for resolved nodes following Cannatella and de Sá (1993) . As pointed out by Frost et al. (2006) , resolution of phylogenetic relationships among pipids may boil down to ascertaining where the root is in only 1 of the 3 possible unrooted topologies for Xenopus, Silurana, Hymenochirus, and Pipa (topology 1 in Fig. 1) .
With an aim of further exploring the controversial phylogenetic relationship of pipid frogs, we assembled a large multilocus data set using a combination of 454 pyrosequencing of cDNA and publicly available sequence data. We analyzed each locus individually and also jointly using coalescent-based approaches that accommodate differences between gene trees and species trees. We used a multilocus coalescent-based method (*BEAST) to develop a temporal framework for diversification based on the hypothesis that continental drift triggered cladogenesis of one or more lineages in this group. We then used the relatively rich fossil record of these frogs to evaluate a posteriori the plausibility of these proposed geological mechanisms for diversification. We uncovered a high degree of genealogical discordance among loci, underscoring the utility of phylogenomics and non-concatenated analyses for contextualizing the evolutionary history of this group. FIGURE 1. Monophyly of Silurana + Xenopus, of Hymenochirus + Pseudhymenochirus, and of Pipidae + Rhinophrynidae has been established based on morphological and molecular data, but relationships among 3 major lineages within the frog family Pipidae remain unresolved. Node-based names of clades are indicated on the topology. Topologies 1-3 are the 3 possible unrooted topologies for Silurana (S), Xenopus (X), Pipa (P), and Hymenochirus (H); the available data supports unrooted topology 1. The genus Pseudhymenochirus and the family Rhinophrynidae both include only one species (Pseudhymenochirus merlini and Rhinophrynus dorsalis, respectively).
MATERIALS AND METHODS

Taxon Sampling and Multilocus Data
We collected multilocus sequence data from the pipid frogs Xenopus laevis, Silurana tropicalis, Hymenochirus curtipes, Pipa carvalhoi, and the outgroup taxon Rhinophrynus dorsalis. Data from X. laevis and S. tropicalis were obtained from GenBank; most data from the other species were obtained by 454 pyrosequencing of cDNA. An H. curtipes individual and a P. carvalhoi individual of unknown geographic origin were obtained from animal suppliers (PetSmart and Xenopus Express, respectively), and a sample of R. dorsalis was obtained from the tissue archive at the Museum of Vertebrate Zoology at the University of California at Berkeley. We also included data from 6 autosomal loci and one mitochondrial region that were available in GenBank.
For 454 pyrosequencing, total RNA was extracted using QIAGEN RNeasy Mini Kit from liver tissue. Normalized double-stranded cDNA was prepared using SMART cDNA Synthesis Kit (Clontech) and Advantage 2 PCR Kit, and TRIMMER cDNA Normalization Kit (Evrogen), according to the manufacturer's protocol and as described in Chain et al. (2008) . The normalized cDNA was used for 454 pyrosequencing (ROCHE GS FLX). A titration run was performed for four 1/16th portions of a plate for each of 3 species (H. curtipes, P. carvalhoi, and R. dorsalis) and an additional 1/4th portion of a plate with the appropriate titration was then run for each species.
Contigs were assembled from the 454 data using GS De novo Assembler (Roche). We averaged 5, 20, and 29 reads per locus for R. dorsalis, P. carvalhoi, and H. curtipes, respectively, and single reads were used for portions of some loci for some species (Supplementary  Table 1 , Dryad database: doi: 10.5061/dryad.bt92r9f1). The lower coverage of R. dorsalis is probably related to the lower quality of cDNA synthesized from this old flash frozen sample. Single nucleotide polymorphisms in the resulting contigs were encoded using International Union of Pure and Applied Chemistry (IUPAC) nucleotide codes. Custom Perl scripts and MUSCLE version 3.6 (Edgar 2004) were used to align the data to X. laevis and S. tropicalis sequences from GenBank, retaining as putative orthologs those sequences that all had the reciprocal best BLAST hit (Altschul et al. 1997) . Our previous studies used this approach to identify putative singletons and duplicates in X. laevis (Chain and Evans 2006; Chain et al. 2008 Chain et al. , 2011 , and the resulting data sets are highly concordant with other independent studies (Morin et al. 2006; Hellsten et al. 2007; Sémon and Wolfe 2008) and with NCBI's UniGene database. For X. laevis, a tetraploid species, we identified 2 paralogs for most loci. In order to have the same number of terminals for all loci in our analysis, we randomly selected one X. laevis paralog to be included. Both X. laevis paralogs are monophyletic with respect to other pipid genera because they formed by genome duplication in Xenopus that occurred after divergence from Silurana (Evans et al. 2005; Evans 2007; Bewick et al. 2011) . Thus, discarding one paralog from X. laevis should have no impact on our inferences of evolutionary relationships among pipid genera.
When analyzing sequences from species as diverged as those in this study, homology statements (alignment) of sequence data can be challenging. For this reason, all noncoding sequences from the 5 or 3 untranslated region were discarded and alignments were adjusted manually with MacClade version 4.08 (Maddison and Maddison 2000) using codon frame inferred from complete transcripts of Xenopus and Silurana to facilitate homology statements. We retained only alignments with complete information from all 5 focal taxa and a length of at least 99 bp that was devoid of stop codons in all taxa. The only gaps in the alignments in the nuclear data are due to amino acid insertion/deletion polymorphisms, which were infrequently encountered.
One concern is that some of the data partitions could inadvertently include paralogous instead of orthologous sequences. Because we have large databases from X. laevis and S. tropicalis, we can be fairly confident that the reciprocal best BLAST hits between these species are orthologous. However, as illustrated in Figure 3a -c, it is conceivable that we included nonorthologous sequences from Pipa, Hymenochirus, or Rhinophrynus due to gene duplication or missing data. Even without missing data, it is also conceivable that incomplete lineage sorting could cause a R. dorsalis sequence to be an inappropriate outgroup, even though this species is sister to pipids (Fig. 3d) . One possible signal of non-orthology or incomplete lineage sorting in the outgroup would be an atypically low or high divergence between one or more ingroup sequence(s) and the outgroup sequence compared with the other ingroup sequences (Fig. 3) . To identify alignments that potentially contain nonorthologous sequences, we therefore calculated a Jukes-Cantor corrected pairwise distance between each ingroup sequence and the outgroup sequence using PAUP* (Swofford 2002) . We then divided each of these 4 distances by their maximum to generate a "standardized outgroup distance ratio" for each ingroup taxon. With equal rates of evolution among orthologous sequences, each standardized outgroup distance ratio should be near one, and departures from one would be due to stochastic variation in mutation. If nonorthologous sequences are present, one or more standardized outgroup distance ratios should be low. For example in Figure 3a , the standardized outgroup distance ratio between Hymenochirus and the outgroup would be lower than those between Xenopus, Silurana, or Pipa and the outgroup. Likewise in Figure 3b , the standardized outgroup distance ratio between Hymenochirus and the outgroup would be the highest (and therefore equal to one) and the others would be much lower than one. Thus, as a conservative measure, we removed from the analysis all loci with a standardized outgroup distance ratio less than 0.4. This cutoff was arbitrary and is independent of the phylogeny supported by each locus. By imposing this cutoff, we excluded VOL. 61 14 data partitions with high similarity between at least one ingroup sequence and the outgroup sequence compared with the other ingroup sequences. The autosomal portion of the data set thus comprised portions of 114 loci, which are treated as 113 loci because the tightly linked genes RAG1 and RAG2 were treated as a single locus.
We also included in our analysis portions of a ∼2400 bp sequence from the 12S and 16S rDNA genes and the tRNA val of the mitochondrial genome (Evans et al. 2004 ). To facilitate unambiguous alignment, we discarded loop regions of these rDNA enzymes based on an analysis of secondary structure (Cannone et al. 2002) . To avoid violation of the assumption of independent evolution of each site, we discarded half of the stem sequences that paired with the retained portion of the data set, leaving a total of 432 bp. These mitochondrial data are therefore composed exclusively of independently evolving stem region sites that do not form doublets with each other. Six sites in the mitochondrial DNA alignment had gaps as a result of length variation at the junction with a loop region.
Gene Tree Estimation
We estimated phylogenies from each locus independently with Bayesian analysis as implemented by MrBayes version 3.1.2 (Huelsenbeck and Ronquist 2001) using a model of evolution selected by the Akaike Information Criterion (AIC) with MrModelTest version 2 (Nylander 2004 ). Similar to the BEST analyses described below, these models were not partitioned by codon position. Two Markov Chain Monte Carlo (MCMC) runs were performed with 4 chains per run, each for 10 million generations, with the temperature parameter set to 0.2. Based on inspection of the posterior likelihood surface with Tracer version 1.5 (Drummond and Rambaut 2007) , a burn-in of 2 million generations was discarded for all individual locus analyses. The effective sample size (ESS) of the post burn-in parameter MCMC sampling was calculated using Tracer and an ESS value >200 was used as an indication that the MCMC sample had converged on the posterior distribution. These and other computationally intensive analyses were performed on the sharcnet computer cluster (www.sharcnet.ca) and also the computer network of Brian Golding at McMaster University.
Concatenated Analysis
Under situations where discordance between gene trees and a species tree is expected, concatenation of sequence data with different evolutionary histories can distort branch lengths, relationships, and credibility intervals recovered from phylogenetic analysis (Kubatko and Degnan 2007) . Nonetheless, for comparative purposes, we performed a partitioned analysis on the concatenated data using the preferred model of evolution for each locus as ascertained with the AIC.
Two MCMC runs, each with 4 chains for 20 million generations, were performed. A burn-in of 2 million generations was discarded and convergence assessed based on the Tracer analysis discussed above.
Species Tree Estimation-BEST and *BEAST
We used Bayesian estimation of species trees (BEST) version 2.3 (Liu and Pearl 2007) and *BEAST pre-release version 1.7.0 (Drummond and Rambaut 2007; Heled and Drummond 2010) to estimate a species tree from the multilocus data. These methods assume that discrepancies between gene trees and the species tree are due exclusively to lineage sorting, free recombination between genes, no recombination within genes, and no gene flow after speciation. In both of these analyses, the tree topologies are unlinked across partitions (i.e., estimated independently for each gene) and a species tree is estimated from these potentially discordant tree topologies.
For both analyses, we evaluated 3 models of evolution using Bayes factors as described by Nylander et al. (2004) . For the BEST analysis, the first model (hereafter JC + Γ + f) employed an equal transition rate among nucleotides, with a Γ -distributed rate heterogeneity and base frequencies estimated from the data with a Dirichlet prior. The second model (hereafter HKY + Γ + f) was the same as the first except that the substitution rates between transitions and transversions were estimated separately. The third model (hereafter GTR + Γ + f) is the same as the first except that the transition rates between each nucleotide were estimated separately. For all analyses, the parameter estimations were performed independently for each partition and the gene mutation prior was set at (0, 114) to conservatively allow for a different mutation rate for each partition. The prior for the effective population size parameter theta (Θ) was inverse gamma (3, 0.018) based on silent site nucleotide diversity in X. laevis (Bewick et al. 2011) as suggested in the program documentation. Depending on the model, multiple independent MCMC runs were performed (37 for JC + Γ + f, 33 for HKY + Γ + f, and 41 for GTR + Γ + f), each with 2 chains that were initiated at different starting seeds for at least 40 million generations, sampling every 2000 generations, with the temperature parameter set to 0.20, R. dorsalis set as the outgroup, the mtDNA partition set as haploid, and the other partitions set as diploid. To assess convergence of the MCMC runs, we first inspected a plot of the posterior distribution of likelihoods from each independent MCMC chain and based on this inspection, we discarded 4-70 million generations as burn-in. We then calculated the ESS of the post burn-in parameter values from all runs using Tracer and convergence of the MCMC run on the posterior distribution was again assumed when ESS values exceeded 200.
We also used *BEAST pre-release version 1.7.0 (Drummond and Rambaut 2007; Heled and Drummond 2010) to estimate a species phylogeny and provide estimates of divergence times based on geological calibration points enumerated below. We again set out to consider 3 models of evolution using the approach of Nylander et al. (2004) but for this analysis the models were more complex. All the *BEAST models estimated parameters for each codon position of each partition separately. They differed in whether a single rate was used for nucleotide transitions (hereafter JC codon), 2 separate rates for transitions and transversions (hereafter HKY codon), or separate rates for all transitions and transversions (hereafter GTR codon). Because the mtDNA data were from stem regions only, we did not use a codon model on this partition. For all models, base frequencies were assumed to follow the empirical proportions. A correction term was applied to the default pure birth (Yule) prior, ensuring that the marginal density of the combined prior was identical to the calibration density (Heled and Drummond 2011) . This is in contrast to the default BEAST construction which results in a prior that neither preserves the calibration densities nor the Yule prior (Heled and Drummond 2011) . The correction terms are described in further detail in Supplementary information for each of the 3 calibration regimes discussed below. The prior on birth rate x was set to the uninformative 1/x with a hard bound of (0.0007,1) and the prior on the evolutionary rate y was set to the uninformative 1/y. Each partition had one rate parameter and 3 "subrates" for each codon position, with either the Jukes-Cantor, HKY, or GTR model for each codon position. Rhinophrynus dorsalis was set as the outgroup by enforcing monophyly of Pipidae. Ploidy of mitochondrial DNA was set to haploid and all other loci to diploid and a strict molecular clock was assumed. For each *BEAST analysis, dozens of independent runs were performed, each for at least 200 million generations. A burn-in of 5-80 million generations was discarded based on inspection of the posterior likelihoods using Tracer. Convergence was evaluated using ESS values after discarding burn-in generations that were identified by eye as described above.
We considered 2 geological calibration points in the *BEAST analysis (Fig. 2) . The first hypothesizes that divergence of Pipa from other pipids was triggered by the rifting apart of South America and Africa. From the Late Jurassic through the Middle Cretaceous, South America and Africa were a continuous landmass called West Gondwana (Smith et al. 1994; Gheerbrant and Rage 2006) . Based on dates provided by previous studies (Pitman et al. 1993; Maisey 2000; McLoughlin 2001; Sereno et al. 2004; Ali and Aitchison 2008) , we assigned a normal prior for this divergence time with a mean of 102 Ma and a standard deviation of 7 myr in order to accommodate uncertainty in this estimate. The second calibration point hypothesizes that pipoid divergence into the families Rhinophrynidae and Pipidae was triggered by the opening of the North Atlantic Ocean as North America rifted apart from West Africa (Duellman and Trueb 1994) . This occurred during the Late Jurassic (McHone and Butler 1984) and we again 3. Gene family extinction or missing data could generate misleading phylogenetic affinities. In (a-d), the example "true" phylogeny is (Pipa (Hymenochirus (Xenopus, Silurana))). However, as a consequence of unsampled orthologs in (a) and (b), rooting the phylogeny with the Rhinophrynus sequence suggests that Pipa is sister to (Xenopus + Silurana). In (c), rooting the phylogeny with the Rhinophrynus sequence suggests that (Hymenochirus + Pipa) and (Xenopus + Silurana) are reciprocally monophyletic. In (d), ancestral polymorphism causes the topology rooted with Rhinophrynus sequences to be (Hymenochirus (Pipa (Xenopus, Silurana))). In (a-d), divergence between Rhinophrynus and some ingroup taxa is lower than that between Rhinophrynus and other ingroup taxa, an observation we exploit with the standardized outgroup distance ratio. used a normal prior for this divergence time with a mean of 190 Ma and the same standard deviation (7 myr) in order to accommodate uncertainty (Withjack et al. 1998 ). We performed 3 *BEAST analyses-one with each of these calibration points (*BEAST analysis 1 and 2, respectively) and one with both (*BEAST analysis 3).
RESULTS
Using data from GenBank and 454 pyrosequencing, we generated 114 5-taxon alignments for X. laevis, S. tropicalis, H. curtipes, P. carvalhoi, and the outgroup taxon R. dorsalis for a combined total of 35,673 bp per taxon. This included sequences from the coding region of 114 nuclear loci (2 of which were linked and thus concatenated) and a portion of rDNA sequence from the mitochondrial genome in which sites evolve independently. Each data partition has sequence from all 5 taxa and there, therefore, are no missing data in this study. A total of 9106 positions (25.5%) were variable including 5940 (16.6%) that were parsimony uninformative and 3166 (8.9%) that were parsimony informative. Fiftyeight nucleotides in the data set were encoded with ambiguous IUPAC symbols. A summary of variation in partition sequence length is presented in Figure 4a and additional information on each partition and GenBank accession numbers for sequences >200 bp in length are available in Supplementary information. Input files for BEST and *BEAST that include all sequences are available in the Dryad database: doi: 10.5061/dryad.bt92r9f1. Figure 4b illustrates how the minimum standardized outgroup distance ratio varied among the different data partitions with respect to the length of each partition. Shorter alignments tended to have higher variance in standardized outgroup distance ratios. Higher variance is expected for shorter alignments, but this could also suggest that non-orthologous sequences are more prevalent in the shorter alignments.
Analysis of Individual and Concatenated Loci
The posterior distribution of a phylogenetic tree can be summarized either with the posterior distribution of tree topologies or with the posterior distribution of clades (Sukumaran and Linkem 2009 ). The former is accomplished by counting how many times each possible topology appears in the posterior distribution with the most common topology being the maximum a posterior probability tree (hereafter the MAP tree). The latter is accomplished by counting how many times each possible clade appears in the posterior distribution and is commonly summarized with a majority rule consensus topology. Most studies focus on the posterior distribution of clades, in part because many distinct tree topologies are present in posterior distributions of analyses with many taxa. For this reason, the majority rule consensus topology may differ from the MAP tree. Here, we discuss both types of summaries because the posterior distribution includes only 15 possible topologies due to the small number of ingroup taxa. Figure 5 summarizes the posterior distribution of tree topologies recovered from individual Bayesian analysis of each of the 114 data partitions. Analysis of individual loci illustrates that 3 of the 5 possible rootings of topology 1 in Figure 1 are far more probable than the other 2 possible rootings of topology 1 or than any of the rootings of topologies 2 and 3. Of the 5 possible rootings of topology 1 in Figure 1 , only 3-((Xenopus, Silurana)(Pipa, Hymenochirus)), (Pipa (Hymenochirus (Xenopus, Silurana))), and (Hymenochirus (Pipa (Xenopus, Silurana)))-account for 80.5% of the combined post-burn-in posterior probability distribution of topologies across all individual loci. The breakdown of this distribution is 28.8% for the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology, 26.7% for the (Pipa (Hymenochirus (Xenopus, Silurana))) topology, and 25.0% for the (Hymenochirus (Pipa (Xenopus, Silurana))) topology. The remaining 19.5% consisted of the other 12 possible rooted topologies.
The MAP tree was ((Xenopus, Silurana)(Pipa, Hymenochirus)) for 39 loci, (Pipa (Hymenochirus (Xenopus, Silurana))) for 28 loci, and (Hymenochirus (Pipa (Xenopus, Silurana))) for 27 loci. However, the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology comprises >80% of the posterior topology distribution for 13 partitions, but the (Pipa (Hymenochirus (Xenopus, Silurana))) and (Hymenochirus (Pipa (Xenopus, Silurana))) do not comprise >80% of the posterior topology distribution for any partition (Fig. 5) . For the mitochondrial DNA partition, the ((Xenopus, Silurana)(Pipa, Hymenochirus)) comprised 83.7% of the posterior topology distribution, which is consistent with phylogenetic analysis of a larger portion of mitochondrial DNA sequence that includes rDNA stem and loop regions (Evans et al. 2004) . Overall then, analysis of individual partitions suggests that the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology has the highest posterior probability.
FIGURE 5. Posterior probability distribution of each of the 15 possible rooted topologies recovered from analysis of 114 individual alignments. For each rooted topology, the posterior probabilities (expressed as a decimal) from each partition were ranked from highest to lowest. Each set of 5 distributions are shaded according to their corresponding unrooted 4-taxon topology. The distribution for ((Xenopus, Silurana)(Pipa, Hymenochirus)) is shaded to emphasize that this topology is the only one that has strong support (posterior probability > 80) at multiple partitions. The next most strongly supported topologies are (Pipa (Hymenochirus (Xenopus, Silurana))) and (Hymenochirus (Pipa (Xenopus, Silurana))). Letters refer to taxa as defined in Figure 1 .
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We contrasted the MAP tree with the majority rule consensus topology for each partition. The ((Xenopus, Silurana)(Pipa, Hymenochirus)) consensus topology was recovered for 29 loci (including mtDNA), the (Pipa (Hymenochirus (Xenopus, Silurana))) consensus topology was recovered for 29 loci, and the (Hymenochirus (Pipa (Xenopus, Silurana))) consensus topology was recovered for 22 loci. The consensus topologies of 34 loci were either unresolved with respect to the trichotomy depicted in Figure 1 or were one of the other 12 possible topologies. The difference in support for the top 3 rooted topologies was not due to differences in the length of the alignments. The mean length of the loci with the ((Xenopus, Silurana)(Pipa, Hymenochirus)) consensus topology was 337 bp, whereas the mean length of the loci with the (Pipa (Hymenochirus (Xenopus, Silurana))) or (Hymenochirus (Pipa (Xenopus, Silurana))) consensus topologies was 381 and 334 bp, respectively. However, support for the other possible rooted topologies was probably related to differences in information content-the mean length of 34 loci with either an unresolved consensus tree or a consensus topology that was not ((Xenopus, Silurana)(Pipa, Hymenochirus)), (Pipa (Hymenochirus (Xenopus, Silurana))), or (Hymenochirus (Pipa (Xenopus, Silurana))) was only 221 bp. A concatenated MrBayes analysis of all partitions also produced a consensus topology with 100% posterior probability for the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology.
Multilocus Coalescent Analysis
Using Bayes factors, the GTR + Γ + f was strongly favored for BEST analysis (Table 1) based on the criterion of Kass and Raftery (1995) . Using this model, BEST analysis of the full data set recovered the ((Xenopus, Silurana)(Pipa, Hymenochirus)) consensus topology with 100% posterior probability for the (Xenopus, Silurana) clade and 95% posterior probability for the (Pipa, Hymenochirus) clade. Our *BEAST analyses using the GTR codon model failed to converge for multiple parameters, even after sampling a large number of states in multiple independent runs. Thus, we focus our discussion on the next most complex model (HKY codon) in which analysis the MCMC chain converged on the posterior distribution for all parameters for each of the 3 differently calibrated analyses (Table 1) . This model was preferred over the JC codon model according to the criterion of Kass and Raftery (1995) (Table 1 ). The topology of the species tree recovered from the HKY codon model in *BEAST was identical to that recovered from the GTR codon model in *BEAST even though most parameters did not converge in the GTR codon analysis. Results using the HKY codon model in *BEAST were also consistent with BEST analyses. Specifically, the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology was the most probable one and monophyly of Xenopus and Silurana was supported by 100% posterior probability in each of the 3 differently calibrated *BEAST analyses (Fig. 6 ). When only one calibration point was used (*BEAST analysis 1 or 2), posterior probability on the clade containing Pipa and Hymenochirus was 71% or 73%. When both calibration points were used the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology was even more strongly supported with 86% posterior probability on the clade containing Pipa and Hymenochirus (Fig.  6) . In *BEAST analysis 1, divergence of Xenopus and Silurana was estimated to have occurred 50.4 Ma with a 95% credible interval of 38.6-63.2 myr. In *BEAST analyses 2 and 3, divergence estimates of Xenopus and Silurana were almost identical (∼65 Ma with a 95% credible interval of ∼57-74 Ma). In *BEAST analysis 1, estimated divergence time of the clade containing Xenopus and Silurana, hereafter "Xenopodinae" (Cannatella and de Sá 1993) from the clade containing Pipa and Hymenochirus, hereafter "Pipinae" (Cannatella and de Sá 1993) , is 109.4 Ma with a 95% credible interval of 89.2-131.1 Ma. In *BEAST analyses 2 and 3, estimated divergence time of Xenopodinae from Pipinae are TABLE 1. Statistics on coalescent-based analyses of species trees (BEST and *BEAST Analyses 1-3) including the model, the post burn-in log likelihood (-LnL), the number of states sampled (# States), 2 × log(Bayes Factor), the sample frequency (Sampling), the ESS of the likelihood (LnL ESS), and the number of parameters that had ESSs greater than 200 (ESS > 200), between 100 and 200 (100 < ESS < 200), and less than 100 (ESS < 100) Fig. 1) . Rates of evolution varies across partitions but are ∼4.7 × 10 −10 substitutions per site per year, assuming a generation time of 1 year. Interestingly, the rate of evolution of the stem region of mitochondrial DNA ribosomal genes appears to be similar to the rates of evolution of autosomal coding regions, even though the overall rate of mitochondrial DNA is faster than autosomal DNA in some groups, such as primates (Brown et al. 1982 ). Although we do not attempt to directly compare the models used by BEST and *BEAST, use of the codon model in the *BEAST analysis is probably preferable given the substantially different rates of evolution of each codon position ( Supplementary Fig. 2 ). Taken together, analysis of the individual loci and the collective coalescent-based analyses provide strong support for the ((Xenopus, Silurana)(Pipa, Hymenochirus)) relationship. We relate divergence time estimates from the *BEAST analyses to geological and fossil information below.
DISCUSSION
The complexity of the phylogenetic problem explored here is relatively simple in the sense that we seek to estimate relationships among only 4 lineages (4 genera of frogs in the family Pipidae) and there are therefore only 3 possible unrooted topologies (Fig. 1) and only 15 possible rooted topologies. However, these relationships are actually quite difficult to resolve because they are old, because the internodes are probably short, and because ancestral populations were probably very large and/or structured. Our analyses (Figs. 5 and 6 ) support the contention of Frost et al. (2006) that the primary challenge to resolving relationships among pipids is locating the position of the root of only one of the 3 possible unrooted topologies (topology 1 in Fig. 1) . Using a combination of publicly available sequences, new data from 454 pyrosequencing, and multilocus coalescent phylogenetic analysis, the relationship ((Xenopus, Silurana)(Pipa, Hymenochirus)) is most strongly supported. Thus, the pipid root is on the lineage connecting Xenopodinae and Pipinae (Fig. 1) . This result is consistent with the morphology-based results of Báez and Pugener (2003) , Trueb et al. (2005) , and Trueb and Báez (2006) , a mitochondrial DNA analysis by Evans et al. (2004) , an analysis of one autosomal gene by Evans et al. (2005) , and a maximum parsimony analysis of concatenated autosomal loci by Roelants and Bossuyt (2005) . However, it is not consistent with the results of Frost et al. (2006) or various maximum likelihood analyses (Roelants and Bossuyt 2005; Roelants et al. 2007; Irisarri et al. 2011; Pyron and Wiens 2011) . What could account for these discrepancies?
For a 3-taxon problem, even when internodes are short, each possible gene topology is equally likely so anomalous gene trees do not exist (Degnan and Rosenberg 2006 ). If we accept the uncontroversial relationships depicted in Figure 1 , the phylogenetic issue addressed in this study boils down to a 3-taxon problem with no anomalous trees. However, if we do not assume Xenopus + Silurana to be a clade for all portions of their genomes, this becomes a 4-taxon problem and an "anomaly zone" may exist depending on the length of the internodes (Degnan and Rosenberg 2006) . However, analysis of individual loci suggests that anomalous gene trees had very little impact on our phylogenetic inference. If anomalous gene trees were common, one would expect similar frequencies of all possible rootings of each of the 3 unrooted topologies depicted in Figure 1 , but this is not the case (Fig. 5) . Instead, most (80.5%) of this distribution is comprised of only 3 alternative rootings of only one labeled unrooted topology (topology 1 in Fig. 1) , with the other 12 rootings being very rare in the posterior distribution.
Here, it was not possible to estimate effective population size for the extant species because we lack intraspecific data, but we are able to get rough estimates of the ancestral population size of the ancestral nodes. In all *BEAST analyses, the estimated ancestral population size of Xenopodinae is the lowest (∼10 million individuals) and that of pipoids (the most recent common ancestor of Rhinophrynus, Pipa, Hymenochirus, Pseudhymenochirus, Xenopus, and Silurana) is second lowest (∼26 million individuals). When only one node is fixed for calibration, the effective population size of Pipinae is smaller (∼75 million individuals) than that of Pipidae (the most recent common ancestor of Xenopus, Silurana, Pipa, Hymenochirus) (∼81 million individuals) but when both calibration points are enforced the opposite is true (163 and 107 million individuals for Pipinae and Pipidae, respectively). The relative magnitudes of these estimates in comparison to the ancestor of Xenopodinae are consistent with the observation that most genealogical discordance involves the location of the pipid root (i.e., whether or not "Pipinae" is a clade). These estimated ancestral population sizes are huge and this is unexpected in frogs and even high for some species of fruit flies. This may be a result of the sensitivity of *BEAST to the absence of intraspecific polymorphism data, a lack of phylogenetic signal in some partitions (which increases genealogical discordance), nonneutral evolution of portions of the sequences, or nonorthology of some sequences. Another important factor is that these ancestral populations were probably not panmictic and that ancestral population structure has the potential to inflate inferred effective population sizes (Wright 1943; Nei and Takahata 1993) . This last possibility seems particularly plausible given the enormous distribution of ancestral pipoids which spanned much of North America, Europe, the Middle East, Africa, and South America (Trueb et al. 2005) . Using different methods, a recent analysis of ancestral effective population size of 2 subdivided species of FIGURE 6. Consensus species trees from (a) *BEAST Analysis 1 which uses only the calibration for divergence of Pipa from Hymenochirus, (b) *BEAST Analysis 2 which uses only the calibration for divergence of Rhinophrynidae from Pipidae, and (c) *BEAST Analysis 3 which uses both of these calibrations. Numbers above branches represent time in millions of years and posterior probabilities (expressed as percentages) are indicated by shaded circles over each node. Gray bars represent the 95% highest posterior density intervals for time estimates in the posterior distribution and dark bars represent the nodes that were fixed in each analysis. Letters refer to taxa as defined in Figure 1 and R refers to Rhinophrynidae.
Xenopus from Ethiopia also recovered estimates that were in the millions for each species, probably also as a consequence of ancestral population structure ). Another possibility is that gene flow among lineages occurred after speciation via hybridization. The models assumed by BEST and *BEAST do not include gene flow after speciation and this biological phenomenon could lead to inflated estimates of ancestral effective population size by increasing genealogical discordance. Interspecies hybridization during pipoid diversification also seems plausible in light of the frequent allopolyploid evolution in Xenopus and Silurana.
There are analytical caveats to the multilocus coalescent methods we used. First, these methods generally assume neutral evolution of the data. Here, we included synonymous and nonsynonymous sites in order to maximize the phylogenetic signal of the data and because of the concern that synonymous substitutions would be saturated over the protracted divergence between the ingroup and outgroup (>300 Ma in total; Fig. 6 ). However, rates of evolution of each codon position strongly suggest nonneutral evolution, minimally of the first and second positions which evolve slower than the third position ( Supplementary Fig. 1 ). It is not yet clear to what degree the inclusion of nonsynonymous sites affected our inference of topology or parameter estimates (including divergence time and effective population size) using these methods and undoubtedly future research will explore this issue. A second important concern relates to the possibility that we included nonorthologous sequences in these alignments (Figs. 3 and 4B) . This is difficult to quantify and could account for the inflated estimates of ancestral population size recovered from *BEAST and also for some of the genealogical discordance observed from the analysis of individual loci (Fig. 5) . We attempted to cope with this problem using the standardized outgroup distance ratio but it is not clear to what degree, if any, we succeeded. Another concern is that divergence times are partially confounded with ancestral population size due to ancestral polymorphism. Intraspecific sampling would permit the estimation of extant population sizes and potentially improve accuracy of the estimates of ancestral population sizes and divergence times. Simulation studies (J. Heled, unpublished results) suggest that the credible intervals for divergence times and effective population sizes of internal nodes tend to be larger with only one extant sequence per species as compared with analyses with more than one per extant species. Another caveat is that we were unable to achieve convergence with *BEAST analysis using the GTR codon model. This presumably is either because the data were insufficient to inform the posterior distributions of the many parameters in this model, or because we did not run the analysis for long enough or some combination of these possibilities. In a few of the GTR codon runs, we observed large improvements in likelihood that were not achieved in the other runs. We note that while convergence was not achieved for this model, the most strongly supported topology sampled in this high likelihood parameter space was the same as that recovered from the other *BEAST and BEST analyses-that is the ((Xenopus, Silurana)(Hymenochirus, Pipa)) topology.
Biogeographical Implications
Dispersal of frog lineages can occur over marine barriers (e.g., Evans et al. 2003; Vences et al. 2003; Heinicke et al. 2007) , although this is clearly much less frequent than dispersal over most terrestrial habitats. Here, we consider 2 marine barriers (the separation of South America and Africa ∼100 Ma and the separation of North America from West Africa ∼190 Ma) to calibrate our divergence estimates. In doing so, we generated hypotheses and associated divergence time predictions that can be independently evaluated using other information.
At least 2 lines of evidence would reject the hypotheses associated with the calibration points in our *BEAST analyses. The first would be evidence of either Hymenochirus or Pipa on both sides of the Atlantic Ocean, evidence of Rhinophrynidae in Africa, or evidence of Pipidae in North America. To our knowledge, there is no such evidence. The second would be if date estimates recovered from these analyses were inconsistent with the fossil or geological record. To explore this further, we compared the fossil record and associated inferences about phylogenetic relationships to our geologically calibrated estimates of divergence times from *BEAST Analyses 1-3 (Table 2 ). For the most part, the timing and inferred phylogenetic affinities of fossil taxa agreed with the BEST and *BEAST analyses. However, there were some discrepancies between the age and inferred phylogenetic affinities from the fossil record and the 95% credible intervals for the divergence time between Rhinophrynidae and Pipidae that were recovered from *BEAST analysis 1 (Table 2 ). In particular, the extinct taxa Thoraciliacus, Cordicephalis, and Shomronella from the Early Cretaceous (145.5-99.6 Ma) of Israel, are postulated to be more closely related to Pipidae than to Rhinophrynidae (Nevo 1969; Estes et al. 1978; Báez et al. 2000; Trueb and Báez 2006) . These fossils and their inferred relationships suggest that the most recent common ancestor of these fossils and Pipidae diverged from Rhinophrynidae prior to ∼145.5 Ma. This time overlaps with the 95% credible interval for the divergence of these clades from *BEAST analysis 1 . Similarly, a fossil of the extinct species Rhadinosteus parvus from the Kimmeridigian (155.7-150.8 Ma) is thought to be more closely related VOL. 61 to extant Rhinophrynidae than to extant Pipidae, suggesting that these families diverged before this (Henrici 1998) . However, again, the 95% credible interval for the divergence of these clades from *BEAST analysis 1 overlaps with this time.
If migration over marine barriers is difficult for these frogs, the estimated time of divergence of Pipidae from Rhinophrynidae from *BEAST Analysis 1 also is inconsistent with the geological record which indicates that by this time North America had already drifted apart from West Africa forming the North Atlantic Ocean, (Fig. 2; McHone and Butler 1984) , which eventually connected with the Tethys Sea to circumscribe the globe. This suggests that the calibrations used in *BEAST Analyses 2 and 3 are most appropriate if the North Atlantic Ocean was a formidable barrier to amphibian dispersal that triggered diversification of pipoids (Duellman and Trueb 1994 ). While we do not know which of these 2 sets of divergence times are more accurate, the estimated divergence times of Xenopodinae are very similar in *BEAST analyses 2 and 3: ∼65 Ma with a 95% credible intervals of ∼57-76 Ma. These results underscore how ancient various pipid diversification events are, including the age of the subfamily Xenopodinae. Underestimates of divergence, for example by Bisbee et al. (1977) , have contributed to nomenclatural confusion associated with the nonubiquitous recognition of "Silurana."
Although it does not speak to the validity of the geological calibration points, it is interesting that some fossils from South America are purportedly more closely related to Xenopodinae than to Pipinae, suggesting that both of these lineages were widely dispersed over West Gondwana prior to its breakup (Báez and Pugener 2003; Trueb et al. 2005; Trueb and Báez 2006) , even though today Xenopodinae is found only in Africa. An interesting direction for future research would be to add data from divergent taxa within these clades, such as Pseudhymenochirus merlini (Cannatella and Trueb 1988b) , Pipa parva (Cannatella and Trueb 1988a) , or X. borealis (Evans 2008) in order to provide more detailed information about the timing of diversification within pipids.
CONCLUSIONS
We generated a phylogenomic data set with an aim of providing further resolution to ancient relationships among a group of frogs (family Pipidae). In compiling these data, we encountered challenges with data quality in that next generation sequence reads from an old sample of R. dorsalis were generally shorter and sparser than those from fresh samples. We encountered challenges with alignment, which drove us to conservatively discard noncoding sequences and randomly discard one X. laevis paralog when 2 were identified. In the interest of being confident in our alignments and to avoid violation of model assumptions, we further discarded data from loop regions and one side of stem regions of ribosomal genes from mitochondrial DNA. Despite these conservative measures, the final data set was sufficiently large that it proved difficult to analyze using a relatively complex model, forcing us to resort to a model with less parameters. The ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology was recovered using 2 multilocus coalescent methods and multiple models, and this topology was also suggested by analysis of individual loci and a concatenated analysis. Calibration regimes that included a role for the opening of the North Atlantic Ocean ∼190 Ma produced divergent time estimates that were consistent with the fossil record. Perhaps most striking was the high degree of genealogical discordance, which probably stems from a combination of phylogenetic error, inadvertent analysis of nonorthologous (paralogous) data, and large or structured ancestral population sizes. Together, these findings highlight the exciting prospects for the field of phylogenomics and also the daunting analytical challenges that lie ahead.
SUPPLEMENTARY MATERIAL Supplementary material, including data files and/or online-only appendices, can be found in the Dryad data repository (doi: 10.5061/dryad.bt92r9f1).
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